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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  The  SiOx  nanoconifers  were 
synthesized  through  a  simple 
thermal  evaporation  process. 

►  SiOx  nanoconifers/NiSi*  NW  hetero¬ 
structures  displays  enhanced  anodic 
performances  over  bare  SiOx 
anodes. 

►  This  improvement  is  attributed  to 
the  structural  and  kinetic  stability. 
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Silicon  sub-oxides,  SiOx  (0  <  x  <  1 )  can  be  regarded  as  a  promising  anode  material  for  high  performance 
Li-ion  batteries  for  its  unique  electrochemical  reactions  to  Li.  We  designed  and  synthesized  the 
columnar-shape  SiOx  nanoconifers  (0.9  <  x  <  1),  directly  self-organized  on  metallic  NiSix  nanowires 
(NWs)  for  its  anodic  use  in  Li  rechargeable  batteries.  The  half-cell  incorporating  SiOx  nanoconifers/NiSix 
NW  heterostructures  displays  good  cyclic  retention  and  rate  capability,  which  are  attributed  to  the 
structural  and  kinetic  stability  of  the  hierarchical  SiOx  nanoconifers  rigidly  supported  by  metallic  NiSix 
core  NWs  by  providing  a  reversible  electrochemical  route  with  a  lower  activation  energy. 
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1.  Introduction 

Lithium  rechargeable  batteries  are  efficient  chemical-to- 
electrical  energy  conversion  systems  with  eco-friendliness  and 
sustainability  [1-8].  Therein,  the  choice  of  appropriate  electrode 
materials  and  their  architectures,  with  which  all  the  electro¬ 
chemical  entities  must  be  optimally  coordinated  at  the  interfaces, 
largely  determine  their  capacity  and  power  characteristics  [9-13]. 
Recently  one-dimensional  Si-based  nanostructures  have  been 
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extensively  investigated  as  a  next-generation  anode  material, 
mainly  due  to  (1 )  the  highest  achievable,  ever  known,  capacity  of  Si 
up  to  4200  mAhg-1  by  the  Li44Si  intermetallic  compound  forma¬ 
tion,  and  (2)  their  affordable  accommodation  of  large  volume- 
changes  upon  lithiation/delithiation  and  (3)  the  efficient  charge 
collection  capability  [14-19].  Yet,  pure  Si  nanoparticles  or  nano¬ 
wires  exhibit  cyclic  degradation  in  their  cell  capacity,  particularly  at 
the  high  charging/discharging  rate,  thus  limiting  their  integration 
into  the  high  power  cells.  In  this  regard,  Si  sub-oxides  (SiOx, 
0  <  x  <  2)  may  offer  a  practical  solution  as  new  anode  materials, 
where  the  un-stoichiometric  oxygen  coordinations  can  provide  an 
alternative  electrochemical  route,  ensuing  a  marginal  volume 
change  with  a  potentially  lower  activation  energy.  Here,  the 
responsible  electrochemical  reactions  during  the  charge/discharge 
processes  involve  the  conversion  of  SiOx  to  the  mixture  of  Si, 
lithium  oxides  and  lithium  silicates,  as  below. 

SiOx  +  yLi  <-►  Si  +  LiyOx  (1 ) 

xLi  +  Si  <-►  LixSi  (2) 

yLi  +  SiOx  <-►  LiySiOx  (3) 

Earlier,  Yang  et  al.  reported  that  the  oxygen  concentration  in 
SiOx  particles  influences  cyclic  reversibility  and  maximum  capacity. 
Therein,  SiOo.s  and  SiOi.i  nanoparticles  retain  40%  and  93%  of  the 
initial  discharge  capacity  after  25th  cycle,  respectively.  Meanwhile, 
the  discharge  capacities  of  SiOo.8  and  SiOi.i  nanoparticles  are  each 
1700  mAhg-1  and  750  mAhg-1.  It  means  that  lower  oxygen 
contents  in  SiOx  results  in  higher  specific  capacity  with  poor 
cycleability,  whereas  higher  oxygen  contents  involve  higher 
capacity  retention  in  spite  of  a  little  structural  instability  [20].  Wang 
et  al.  demonstrated  that  Si/SiOx  nanocomposite  with  core-shell 
structure  displays  the  superior  reversibility  that  70%  of  the  initial 
capacity  (1100  mAhg-1)  is  maintained  even  after  50th  cycle  and  the 
highest  Coulombic  efficiency  among  Si-based  materials  thanks  to 
its  structural  feature  [21].  These  observations  strongly  suggest  that 
the  choice  of  SiOx  can  provide  a  way  to  accommodate  the  relatively 
large  volume  expansion  with  higher  interfacial  stability  for  the 
extended  cycle  life.  Nevertheless,  the  fundamental  drawback  of 
SiOx  anodes  is  its  intrinsically  poor  electronic  conductivity,  inevi¬ 
tably  limiting  the  required  rate  capability  upon  cycling.  For  this 
reason,  many  researchers  have  tried  to  develop  conductive 
composite  based  on  SiOx  nanoparticles  through  its  disproportion 
[22]  or  carbon  coating  [23].  Here,  we  demonstrate  an  advanced  SiOx 
anode  architecture,  where  the  active  SiOx  is  self-assembled  on 
metallic  NiSix  nanowires  (NWs)  to  form  hierarchical  SiOx  nano¬ 
conifers  by  a  simple  chemical  vapor  deposition  (CVD)  process,  for 
the  improved  cyclic  reversibility  and  enhanced  kinetics.  We  show 
that  SiOx  nanoconifers  on  NiSix  NWs  act  as  an  active  element  for 
alloying/de-alloying  with  Li  ions  with  substantially  higher  surface 
areas,  and  the  metallic  NiSix  NWs  serve  both  as  efficient  electron 
transport  pathway  and  as  rigid  mechanical  supports.  It  is  evident 
that  this  unique  hierarchical  SiOx  nanoconifer  composite  maintains 
their  original  shapes  during  the  extended  cycling  resultantly 
showing  enhanced  cycleability  and  rate  capability  thanks  to  its 
structural  stability  coming  from  heterostructure. 

2.  Experimental 

2.1.  Synthesis  of  hierarchical  SiOx  nanoconifers 

Fig.  1(a)  schematically  illustrates  the  growth  sequence  of  SiOx 
nanoconifers  supported  by  metallic  NiSix  NWs  (SiOx/NiSix  NWs)  by 
a  CVD  process.  We  first  begin  with  the  growth  of  NiSix  NWs  via 


50  Torr  of  SiH4  CVD  (10%  diluted  SiH4  in  H2)  at  420  °C  on  Ni / 
stainless  steel  (SUS)  substrates  of  a  circular  shape  disk  in  15  mm 
diameter  [24,25].  Our  NiSix  NWs  exhibit  typical  metallic  behaviors 
with  its  resistivity  on  the  order  of  a  few  hundred  pQ  cm  at  300  I< 
[26,27].  Then  SiOx  overlayers  are  deposited  on  NiSix  NW  arrays 
using  thermal  evaporation  of  silicon  monoxide  powder  (SiO, 
Aldrich)  in  the  high  vacuum  (under  10-6  Torr)  cold  wall  chamber. 
The  oxygen  contents  (x)  in  the  final  SiOx  products  are  optimized  to 
be  ranged  between  0.9  and  1.  The  weights  of  the  deposited  SiOx  and 
NiSix  were  averagely  0.122  mg  and  0.125  mg,  respectively. 

2.2.  Structure  characterization 

The  morphology  and  microstructure  of  lamellar  SiOx  and  NiSix 
nanowire  were  characterized  by  field  emission  scanning  electron 
microscopy  (FE-SEM,  JEOL  JSM-7401F)  on  SEI  mode  at  10  kV,  and 
transmission  electron  microscopy  (TEM,  JEOL  JEM-2100F  with  Cs 
Corrector  on  STEM)  at  NCNT.  The  chemical  structure  analysis  was 
performed  by  X-ray  photoelectron  spectroscopy  (XPS)  (VG  SCIEN¬ 
TIFIC  ESCALAB  220i)  spectrometer  using  focused  mono-chromated 
Mg  Ka  radiation  to  probe  the  surface  of  the  SiOx. 

2.3.  Electrochemical  experiments 

Commercially  provided  SiOx  bulk  was  used  as  reference  sample 
for  the  electrochemical  comparison  with  SiOx/NiSix  NW.  SiOx  bulk 
was  mixed  with  acetylene  black  (AB)  and  binder,  poly(vinylidene 
fluoride),  at  a  weight  ratio  of  9:1:1,  respectively,  in  a  solvent  (N- 
methyl-2-pyrrolidone).  The  slurry  was  uniformly  pasted  on  Cu  foil. 
The  prepared  electrode  sheets  were  dried  at  120  °C  in  a  vacuum 
oven  and  pressed  under  a  pressure  of  approximately  2000  psi.  The 
SiOx/NiSix  NW  anodes  were  incorporated  into  a  coin-type  half  cell 
(CR2016  coin-type)  without  binders  or  conducting  carbon.  Both 
cells  were  assembled  in  an  argon-filled  glove  box  for  electro¬ 
chemical  characterization.  The  electrolyte  was  1  M  LiPFg  in  a  1 : 1 
mixture  of  ethylene  carbonate  and  dimethyl  carbonate.  Li  metal  foil 
was  used  as  the  counter  and  reference  electrode.  The  monolayer 
polypropylene  membrane  (Celgard  2400)  was  adopted  as  a  sepa¬ 
rator.  The  cell  was  galvanostatically  charged  and  discharged  at 
a  current  density  of  150  mAg-1  over  a  range  of  0.01  V-1.20  V  for  the 
first  cycle.  Then,  for  the  remaining  cycles,  it  was  charged/dis¬ 
charged  at  300  mAg-1. 

3.  Results  and  discussion 

Fig.  1(b)  shows  the  representative  transmission  electron 
microscope  (TEM)  image  and  scanning  electron  microscope  (SEM) 
image  of  SiOx/NiSix  NWs,  where  their  average  length  and  diameter 
are  5  pm  and  170  nm  with  the  30  nm  thick  NiSix  core.  Notably,  SiOx 
shells  do  not  conformally  deposit  on  the  NiSix  core  NWs  and  instead 
it  forms  a  conifer  shape  where  periodic  SiOx  columns  are  self- 
assembled  with  a  high  packing  density,  as  shown  in  Fig.  1(b)— (c). 
This  unique  columnar  structure  formation  can  be  understood  as 
a  combination  of  the  limited  numbers  of  nucleation  sites  on  NiSix 
NWs  and  the  low  mobility  of  the  adatoms  on  the  cold  substrates 
during  thermal  evaporation  of  SiOx  [28,29]. 

Elemental  analyses  of  SiOx/NiSix  NWs  were  carried  out  with 
a  scanning  TEM  as  shown  in  Fig.  1(c).  High-angle  annular  dark  field 
(HAADF)  images,  where  the  intensity  of  HAADF  is  roughly 
proportional  to  the  square  of  atomic  numbers,  indicate  that  the 
composition  of  the  shell  region  and  core  region  in  SiOx/NiSix  NWs 
are  clearly  discernable.  The  corresponding  energy  dispersive  X-ray 
spectroscopy  (EDX)  color  maps  also  present  that  the  elemental 
distribution  of  Ni  is  locally  confined  in  the  core  region  within  the 
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Fig.  1.  (a)  The  schematics  of  SiOx  nanoconifer  on  NiSix  NWs  growth  process,  (b)  Low  resolution  TEM  image  of  SiOx/NiSix  NWs.  The  inset  shows  plan-view  SEM  image  of  SiOx/NiSix 
NW  arrays  grown  on  SUS  substrate,  (c)  STEM  HAADF  images  and  EDX  elemental  color  map  of  an  individual  SiOx/NiSix  NWs. 


instrumental  resolution,  whereas  Si  and  O  are  well  distributed  all 
over  the  shell  region. 

Oxidation  states  of  the  SiOx/NiSix  NWs  are  determined  by  X-ray 
photoelectron  spectroscopy  (XPS),  as  shown  in  Fig.  2.  We  have 
taken  Si  2p  spectra  of  Si  NWs  and  Si02  powders  as  the  references. 
Apparently,  the  Si  2p  peak  in  SiOx  is  located  between  those  in  Si 
(99.3  eV)  and  Si02  (103.4  eV),  where  the  deconvoluted  feature  is 
comprised  all  of  the  variable  Si(-0)n  (n  =  1,2, 3, 4)  bonding  as 


Fig.  2.  (a)  Si  2p  XPS  spectra  of  SiOx  shell  for  chemical  structure  analysis.  (Note  that  the 
each  XPS  spectra  have  been  normalized  to  c-c  bonding,  Cls  284  eV). 


described  in  inset  of  Fig.  2.  We  extract  the  average  oxygen  contents, 
x,  of  SiOx  nanoconifers  to  be  0.9-1.  It  is  reported  that  SiOx  anodes 
display  an  optimum  capacity  with  cycle  performance  for  x~l 
[20,30],  due  to  a  balance  between  the  affordable  accommodation  of 
the  inherent  volume  expansion  by  Li-Si  reactions  and  the  irre¬ 
versible  reaction  for  the  detrimental  Li20  phase  formation 
[14,31,32].  In  this  regard,  the  oxygen  content  of  0.9-1  in  our  SiOx 
nanoconifers  holds  promises  for  the  anodic  use  in  terms  of  cyclic 
retention  as  well  as  specific  capacity. 

Fig.  3  displays  the  charge/discharge  performance  of  SiOx  nano¬ 
conifers,  measured  over  100  cycles,  including  the  specific  capacity, 
Coulombic  efficiency  and  the  rate  capability.  Considering  that  the 
NiSix  core  does  not  participate  in  charge/discharge  reaction,  SiOx 
nanoconifers  seem  to  show  the  maximum  capacity  almost  reaching 
the  theoretical  capacity  of  Si  besides  the  irreversible  capacity 
induced  by  the  formation  of  Li20  and  lithium  silicates,  as  well  as 
good  cyclic  retention.  Meanwhile,  SiOx  bulk  exhibits  very  low 
capacity  around  500-600  mAhg-1,  and  its  capacity  drastically 
drops  in  a  few  cycles.  The  first  discharge  and  charge  capacities  of 
SiOx  nanoconifers  are  measured  to  be  4058  and  1737  mAhg-1  at  the 
current  density  of  150  mAg-1,  which  produce  the  irreversible 
capacity  loss  of  57%  at  the  very  first  cycle.  We  speculate  that  this 
initial  loss  comes  from  the  reaction  of  the  amorphous  SiOx  with  Li 
ions,  forming  some  irreversibly  lithiated  phases,  such  as  inactive 
lithium  silicates  or  Li20.  Because  Li20  or  lithium  silicate  have  shown 
little  electrochemical  activity  due  to  their  high  thermodynamic 
stability,  the  formation  of  theses  phases  can  result  in  low  initial 
coulombic  efficiency  as  shown  in  Fig.  3(a).  Nevertheless,  the 
formation  of  these  inactive  phases  in  the  open  structures  of  the 
amorphous  SiOx  may  contribute  to  the  improved  cyclic  retention  by 
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Fig.  3.  (a)  Electrochemical  cycle  life  time  including  the  coulombic  efficiency  and  the 
specific  capacity  vs  the  charge/discharge  cycle  number  of  SiOx/NiSix  NWs  (inset:  the 
galvanostatic  charge-discharge  curves  between  0.01  and  1.2  V).  (b)  Plots  of  discharge 
retention  versus  cycle  number  at  different  C  rates. 

alleviating  the  severe  volume  expansion,  as  a  cushioning  media,  as 
further  discussed  below.  After  the  first  cycle,  the  SiOx  nanoconifer 
cell  shows  very  high  coulombic  efficiency  over  97%  for  the  subse¬ 
quent  cycles.  This  may  be  due  to  the  presence  of  metallic  NiSix  cores, 
which  serve  as  the  efficient  charge  transport  pathway  from/to 
insulating  SiOx  phases.  After  20  cycles,  the  capacity  is  measured  to  be 
~1375  mAhg-1,  which  correspond  to  ~80%  of  the  initial  capacity. 
Then,  its  capacity  is  gradually  degraded  to  about  800  mAhg-1  up  to 
the  100th  cycle.  This  gradual  degradation  after  the  20th  cycle  is  often 
observed  in  the  anode  of  Si-based  materials,  due  to  the  interfacial 
instability  with  the  additive-free  electrolytes  in  use,  which  can  be 
further  reduced  by  an  electrolyte  modification  [33].  The  rate  capa¬ 
bility  was  tested  by  varying  the  galvanostatic  current  density  from 
0.2C  to  2C  for  the  charge/discharge  process,  as  shown  in  Fig.  3(b).  It 
shows  an  excellent  retention  even  at  the  10  times  higher  current 
density  than  one  in  the  initial  condition,  demonstrating  enhanced 
kinetics  of  SiOx  nanoconifers  on  metallic  cores  compared  to  pure 
SiOx  particles  [34].  The  gradual  capacity  increase  of  SiOx  conifers  at 
1C  can  be  attributed  to  the  change  of  activation  energy  for  the 
chemical  reaction  between  Li+  and  SiOx  conifers. 

In  order  to  identify  electrochemical  routes  [9,22,25,34-36]  of  Si 
species  in  our  SiOx  nanoconifers,  we  analyze  the  differential 
capacity  plots  (dQ/dV  vs.  V),  obtained  for  the  1st,  2nd,  30th,  and 
50th  cycle.  Possible  intermetallic  compounds  from  the  reactions 
between  SiOx  and  Li  include  lithium  oxides,  lithium  silicates,  and 
lithium  silicides.  During  the  initial  lithiation,  SiOx/NiSix  NWs 
produce  several  reduction  peaks  corresponding  to  the  formation  of 
typical  intermetallic  compounds  marked  by  A,  B,  and  C  in  Fig.  4(a). 


Voltage  (V) 


Fig.  4.  (a)  The  differential  capacity  plots  of  1,  2,  30  and  50th  cycle  for  SiOx/NiSix  NWs 
(b)  and  its  50,  60,  70,  80  and  90th  cycle. 

The  peak  C  at  220  mV  and  the  B  peak  at  90  mV  are  attributed  to  the 
phase  transition  between  amorphous  LixSi  phases,  while  the  A  peak 
at  40  mV  can  be  assigned  to  the  phase  transition  from  amorphous 
lithium  silicides  to  a  crystalline  Lii5Si4  phase  [24,25]. 

Other  weak  reduction  peaks  near  ~0  V  [23]  and  ~310  mV  [33] 
are  from  the  solid-solution  reactions  between  Li  and  SiOx.  We  do 
not  observe  any  evidence  for  the  formation  of  either  SEI  phases  or 
L^O,  which  may  be  overridden  by  the  lower  energy  formation  of 
lithium  silicates.  It  is  in  fact  consistent  with  the  presence  of  the  first 
oxidation  peak  at  100  mV  during  the  delithiation  process,  marked 
by  D,  which  corresponds  to  the  dissociation  of  lithium  silicates.  A 
narrow  peak  at  250  mV,  marked  by  E ,  can  be  assigned  to  the 
dissociation  of  a-Lix+ySi  to  LixSi  or  a-Si,  while  the  peak  at  450  mV, 
marked  by  F,  results  from  the  decomposition  of  c-LiisSL*  to  a-LixSi  or 
a-Si  [24,25,37,38].  Small  separation  between  reduction  and  oxida¬ 
tion  peaks  assigned  to  lithium  silicates  indicates  that  Li  ions  are 
weakly  bonded  to  SiOx  rather  than  to  Si,  and  thus  Li  ion  transport 
can  be  accelerated  by  the  preferential  reaction  of  Li  ions  with  SiOx 
[39,40].  Differential  capacity  plots  obtained  after  50th,  60th,  70th, 
80th  and  90th  cycle  in  Fig.  4(b)  suggest  that  SiOx  nanoconifers 
undergo  the  phase  transitions  between  amorphous  lithiated  phases 
and  amorphous  delithiated  phases  including  a-LixSi/a-Si  pairs  and 
a-LiySiOx/a-SiOx  pairs  in  Eqs.  (2)  and  (3)  [9,34,35].  Then,  these 
reversible  reaction  paths  with  lower  formation  energy  in  SiOx 
nanoconifer  may  be  one  of  the  main  reasons  for  the  enhanced  cyclic 
retention  and  rate  capability  in  Fig.  3. 
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Fig.  5.  (a)  TEM  images  of  as-grown  SiOx/NiSix  NWs  and  (b)  the  100th  lithiated  SiOx/NiSix  NWs.  Insets  show  individual  SiOx/NiSix  NWs  in  more  details. 


Fig.  5  shows  the  TEM  images  of  as-grown  SiOx/NiSix  NWs  and 
those  after  the  100th  lithiation.  Remarkably,  the  original  shape  of 
SiOx  conifer  shells  and  NiSix  core  NWs  is  almost  intact  after 
repeated  cycles,  except  for  the  local  densification  due  to  lithiation. 
This  strongly  suggests  that  our  heterostructures  undergo  stably 
endurable  volume  change  upon  the  repeated  lithiation/delithiation 
as  aforementioned,  and  also  consistent  with  theoretical  prediction 
[41  ].  Supposing  that  9  at%  pure  Si  atoms  based  on  XPS  elemental 
analyses  participate  in  the  partial  LixSi  phase  formation,  the  ex¬ 
pected  volume  expansion  of  SiOx  columns  comes  to  10-20  nm  in 
diameter.  Nevertheless,  the  regularly  spaced  voids  among  indi¬ 
vidual  SiOx  columns  must  accommodate  its  volume  expansion.  It 
can  also  reduce  Li  ion  diffusion  pathways  through  facile  electrolyte 
penetration.  In  this  regard,  the  columnar  shape  provides  great 
advantages  in  viewpoint  of  structural  stability  as  well  as  enhanced 
kinetics  for  the  anodic  use  of  SiOx/NiSix  NWs. 

4.  Conclusion 

We  synthesized  SiOx  nanoconifers  on  NiSix  core  NWs  by  thermal 
evaporation  coupled  with  SiH4  chemical  vapor  deposition  process. 
SiOx  nanoconifer  forms  its  own  characteristic  columnar  shape  on 
NiSix  NWs  in  a  self-organized  manner,  where  its  oxygen  composi¬ 
tion,  x,  ranged  in  0.9-1  for  its  anodic  use.  The  half-cell  incorporating 
SiOx/NiSix  NWs  displays  good  cyclic  retention  and  rate  capability 
attributed  to  the  structural  and  kinetic  stability  of  the  hierarchical 
SiOx  conifers  rigidly  attached  to  metallic  NiSix  core  NWs. 
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